Background. Vascular dementia (VAD) and Alzheimer's disease (AD) may share common neuropathological mechanisms. Matrix metalloproteinases (MMPs) may induce destruction of the extracellular matrix, neuronal dysfunction, and death. Increased expression of these molecules has been found in a number of neurological diseases, including cerebral ischemia and AD. Expression and activity of MMPs may be genetically influenced by common polymorphisms in the promoter regions of the corresponding genes. The purpose of this study was to evaluate whether functional polymorphisms of MMP genes are associated with dementia.
I
N recent years, there has been increasing appreciation of the fact that, although the initial events triggering neurodegenerative processes in vascular dementia (VAD) versus Alzheimer's disease (AD) may be different, these two forms of dementia may share common neuropathological mechanisms, ranging from inflammation to autoimmune processes and dysregulation of cytokine systems. In both diseases, neuronal injury results in the initiation of a similar cascade of cytokine production, which is eventually involved in crucial pathological phenomena, including amyloidogenesis, amyloid accumulation in blood vessels, white matter lesions, and angiogenesis (1) . In this respect, it is interesting to note that white matter infarcts and cerebrovascular pathology are often present in the brain of persons with AD, and senile plaques may be found in patients with VAD (2) . In addition, ischemic insults of the brain, such as in VAD, may increase neurofibrillary tangle formation and amyloid precursor protein accumulation, which typically occur in AD (3, 4) .
Matrix metalloproteinases (MMPs) are a related family of metal-dependant proteases, the function of which is the remodeling of the extracellular matrix during tissue injury and repair (5) . MMPs are released from astrocytes, neurons, and microglia, as well as leukocytes and macrophages, and their target compounds include collagen, gelatin, fibronectin, laminin, elastin, and proteoglycans. In the central nervous system, MMPs may lead to extracellular matrix destruction, neuronal dysfunction, and death. Increased expression of these molecules has been found in a number of neurological diseases, including stroke and AD (5) (6) (7) (8) .
Genetic research is beginning to identify susceptibility genes that may influence the inflammatory process in AD and VAD. Polymorphisms in genes encoding interleukins, adhesion molecules, cytokines, and chemokines have been associated to different extents with either AD or VAD (9) (10) (11) (12) (13) . In this respect, it is interesting to note that also the expression and activity of MMPs may be genetically controlled (14) . For instance, the plasma levels of MMP-1, MMP-3, and MMP-9 are significantly influenced by common polymorphisms in the promoter regions of the corresponding genes (15) (16) (17) . These genetic variations may be clinically important, as indicated by the reported associations between MMP polymorphisms and a number of pathologic conditions, ranging from different types of cancer to chronic inflammatory and cardiovascular diseases (18) (19) (20) (21) (22) (23) . In the present study, we investigated whether the MMP-1 1G/2G, MMP-3 5A/6A, and MMP-9 C/T gene polymorphisms are associated with dementia.
METHODS

Participants
The individuals enrolled in this study were recruited from persons consecutively admitted to our Department of Medicine from January 2001 through May 2004. Diagnosis of probable VAD was performed by using the National Institute of Neurological Disorders and Stroke-Association Internationale pour la Recherche et l'Enseignement en Neurosciences (NINDS-AIREN ) criteria (24) . Diagnosis of probable AD was made in accordance with the National Institute for Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) guidelines (25) . No cases of familial AD were included in this study. The Hachinski Ischemic Score was also used to aid in distinguishing between VAD and dementia from neurological disorders (26) .
Controls were persons matched for age and sex, admitted to the same Department of Medicine in the same period of time, without dementia, and with no history of cerebrovascular diseases. They had no relationship with patients and no family history of dementia.
In both patients and controls, cognitive function was studied by using formal neuropsychological testing. Brain imaging evaluation was performed in all participants by computed tomography (CT) scan and/or magnetic resonance imaging (MRI). Carotid arteries were examined by two independent operators, by B-mode ultrasonography. Hypertension was defined as a systolic blood pressure . 140 mmHg, a diastolic blood pressure . 90 mmHg, or current treatment with an antihypertensive drug. Hypercholesterolemia was defined as either a need for hypolipidemic drugs or total plasma cholesterol level . 5.18 mmol/L. A diagnosis of coronary artery disease (CAD) was performed according to the medical history of the patients, the use of anti-anginal drugs, and the presence of electrocardiographic signs of myocardial ischemia and/or necrosis.
Patients with suspected mixed dementia (VAD and AD) were excluded from this study. We also excluded patients with possible metabolic and/or systemic causes of cognitive deterioration, such as deficiency of vitamin B 12 and/or folic acid, endocrine diseases (with the exception of type 2 diabetes), anemia, electrolyte disturbances, respiratory diseases, heart failure, and psychiatric diseases. Participants affected by tumors, chronic inflammatory diseases, and autoimmune diseases were excluded as well. At the end of the recruitment period, a total of 310 individuals were excluded from the study as they presented one or more of the abovementioned exclusion criteria, and a total of 599 participants were enrolled: 193 were affected by VAD, 183 by AD, and 223 were controls. The study protocol was accepted by the Ethics Committee of our University Hospital.
Genetic Testing
DNA was extracted from peripheral blood and assayed, as previously described, by polymerase chain reaction (PCR) and restriction enzyme analysis, for the detection of the MMP-1 1G/2G, MMP-3 5A/6A, and MMP-9 C/T gene polymorphisms (27) (28) (29) . All the analyses were performed twice by blinded independent investigators. Error rates were 2.3%, 1.9%, and 2.9% for MMP-1, MMP-3, and MMP-9 gene polymorphism, respectively.
Statistical Analyses
Demographic and clinical data between groups were compared by chi-square test and by t test. Genotype and allele frequencies were compared by chi-square test. Associations were calculated assuming a dominant or recessive relationship between the number of high-risk alleles and the prevalence of diseases. Odds ratios (ORs) were calculated with 95% confidence interval (CI). Statistical significance was established at p , .05.
RESULTS
The demographic and clinical characteristics of the studied population are shown in Table 1 . VAD patients and controls did not significantly differ in terms of age, sex, smoking status, and hypercholesterolemia. In contrast, hypertension, diabetes, CAD, and peripheral arterial occlusive disease (PAOD) were significantly more frequent in patients with VAD than in controls. AD subjects did not significantly differ from controls in terms of age, sex, smoking status, hypercholesterolemia, and diabetes. Hypertension and PAOD were significantly more frequent in controls than in patients with AD. Table 2 shows the distribution of MMP-1, MMP-3, and MMP-9 genotypes and alleles in all participants. Genotypes were in Hardy-Weinberg equilibrium. In both VAD and AD patients, the frequency of the MMP-1 2G2G genotype was significantly higher than in controls (p ¼ .0008 and p ¼ .0001, respectively). Likewise, allele distribution was statistically different between groups (p , .0001). Also, the MMP-3 5A5A genotype was significantly more common in VAD and AD patients than in controls ( p ¼ .009). The 5A allele frequency was 46.9% and 48.6% in VAD and AD participants, respectively, whereas only 39.7% controls carried this allele. The analysis of the MMP-9 gene polymorphism revealed that the TT genotype was significantly more frequent in individuals with VAD than in controls ( p ¼ .03), whereas the distribution of the MMP-9 TT, CT, and CC genotypes was not statistically different between AD patients and controls. Finally, no difference was found in the MMP-9 T/C allele distribution between the three studied groups.
To assess whether these gene polymorphisms were independently associated with dementia, we used a logistic regression model and adjusted for potential confounding factors. The analyses were conducted assuming a recessive or a dominant relationship between the high-risk alleles and the presence of the disease. After correcting for age, sex, presence of hypertension, hypercholesterolemia, diabetes, CAD, PAOD, and smoking status, we found that increased risk of VAD was significantly and independently associated with the 2G2G and 2G1G genotypes of the MMP-1 gene polymorphism (OR, 2.5; 95% CI, 1.4-4.4; p ¼ .001 and OR, 1.7; 95% CI, 1.0-2.7; p ¼ .03, respectively), the 5A5A genotype of the MMP-3 gene polymorphism (OR, 2.9; 95% CI, 1.5-5.9; p ¼ .002), and the TT genotype of the MMP-9 gene polymorphism (OR, 6.8; 95% CI, 1.3-35.1; p¼.02) ( Table 3) .
A similar logistic regression model was used to investigate the association between the MMP gene polymorphisms and AD. Increased risk of the disease was significantly and independently associated with the MMP-1 2G2G genotype of the MMP-1 gene polymorphism and the 5A5A genotype of the MMP-3 gene polymorphism. In contrast, no increased risk for AD was associated with the presence of the TT genotype of the MMP-9 gene polymorphism (Table 4) .
To further investigate the role of these gene variations in AD, we also considered the presence of the e4 allele of the apolipoprotein E (APOE) gene polymorphism, which is a well known genetic risk factor for AD (Table 5 ). In the AD group, 80 participants (43.7%) were positive and 103 (56.3%) were negative for the presence of the APOE e4 allele. In the control group, the ratio between APOE e4-positive and -negative participants was 28:195 (12.5%:87.5%). We found that the presence of MMP-1 2G2G homozygosity was not associated with increased risk for AD in persons who do not carry the APOE e4 allele. In contrast, the OR for AD was increased in participants who concomitantly carried the MMP-1 2G2G genotype and the APOE e4 allele (OR, 6.0; 95% CI, 2.3-15.5; p , .0001). Similarly, an increased OR for AD was found in participants carrying the APOE e4 Finally, we tested whether the risk of dementia could be influenced by the presence of multiple MMP high-risk genotypes (Table 6 ). We found that participants who concomitantly carried the MMP-1 2G allele (2Gþ individuals) and the MMP-3 5A5A genotype had an increased OR for VAD (OR, 4.0; 95% CI, 1.9-8.2; p , .0001), compared to individuals who only had one of these two gene variations. Likewise, the MMP-1 2Gþ/MMP-9 TT genotypic combination was associated with increased OR for VAD (OR, 7.7; 95% CI, 1.3-65.3; p ¼ .04), compared to that observed when only one of these high-risk genotypes was present. The MMP-3 5A5A/MMP-9 TT genotypic combination was observed only in five individuals, and all of them (100.0%) were affected by VAD (data not shown). Similarly, the triple 2Gþ/5A5A/TT combination was found only in five persons, and all of them were affected by VAD (data not shown). A stronger association with AD was also found in participants who concomitantly carried the MMP-1 2G2G and MMP-3 5A5A genotypes (OR, 5.1; 95% CI, 1.9-13.3; p ¼ .001), compared to those who separately exhibited only one of them.
DISCUSSION
This is the first study investigating the association between two different forms of dementia (VAD and AD) and three functionally important polymorphisms of the MMP-1, MMP-3, and MMP-9 genes. We found that the odds for VAD are increased by the 2G2G and 2G1G genotypes of the MMP-1 gene polymorphism, as well as by the 5A5A genotype of the MMP-3 gene polymorphism and the TT genotype of the MMP-9 gene polymorphism.
In addition, we found an increased risk of AD in association with the MMP-1 2G2G and MMP-3 5A5A genotypes. Importantly, this effect was observed only in persons who also carried the high-risk e4 allele of the APOE gene polymorphism, which is a well-known genetic risk factor for AD. However, it has to be pointed out that the CIs and power of the study are insufficient to establish whether a true gene-gene interaction is present.
The biological significance of these results depends on the fact that the gene polymorphisms investigated in this study are functionally important. Indeed, it has been clearly demonstrated that the MMP-1 1G/2G polymorphism contributes to the regulation of the expression of the MMP-1 gene and, in particular, it has been shown that the presence of the 2G allele is associated with enhanced transcriptional gene activity (30) . Similarly, the 5A allele of the MMP-3 gene polymorphism has a higher promoter activity than the 6A allele (12) , and transient transfection experiments and DNA-protein interaction assays have indicated that the T allele of the MMP-9 C/T gene polymorphism has a higher promoter activity than the C allele, apparently due to preferential binding of a putative transcription repressor protein to the C allelic promoter (19) . Our findings are consistent with the concept that MMP gene polymorphisms may be clinically important, as suggested by several previous studies that have reported a positive association between MMP-1, MMP-3, and MMP-9 gene variations and a number of diseases (18) (19) (20) (21) (22) (23) . Our data are also consistent with the study of Saarela and colleagues (6) , which found an interaction between the MMP-3 5A and APOE 4 alleles and increased risk of AD in a cohort of Finnish individuals. More recently, a lack of association between common polymorphisms of the MMP-3 and MMP-9 genes and AD has instead been reported in a Japanese cohort (31) .
A major finding of this study is the observation that there is an increased risk of dementia in persons who concomitantly carry more MMP high-risk genotypes. In particular, we found that, in participants carrying the 2G allele of the MMP-1 gene polymorphism (MMP-1 2Gþ individuals), the OR for VAD is further increased by the concomitant presence of either the MMP-3 5A5A genotype or the MMP-9 TT genotype. Likewise, the MMP-1 2G2G and MMP-3 5A5A genotypes contribute to increase the OR for this form of dementia. Our results are consistent with the concept that, although individual single nucleotide polymorphism identification may provide a framework for genetic susceptibility, the characterization of single gene polymorphisms is insufficient to describe the overall effects of genetics on the phenotypic state of complex diseases. Studies have shown that optimal understanding of phenotypic expression will require knowledge of haplotype expression and gene additive effects.
This study has some potential limitations. It is a casecontrol study, and recruitment and survival bias cannot be excluded. We studied a selected sample of patients admitted to a Department of Medicine for reasons not necessarily related to dementia, and this population might be not representative of the general population. In addition, the participants included in this study had a number of concomitant diseases, and comorbidity might represent a confounding factor. The size of the studied population is relatively small, and our findings need to be confirmed in larger samples and should be tested in groups of different ethnic origin. Also, as this study only included persons affected by sporadic AD, the results should be confirmed in the future in samples that also include familial cases of AD. Finally, we cannot exclude that the observed associations depend on the effect of genes in linkage disequilibrium with the genes investigated in this study.
Conclusion
This is the first study evaluating the role of the MMP-1 1G/2G, MMP-3 5A/6A, and MMP-9 C/T gene polymorphisms in VAD and AD. The risk of dementia may be influenced by the presence of specific MMP genotypes and by reciprocal interactions between them. MMP gene variations might merit further investigation as potential markers of dementia.
